A key requirement for the development of cancer immunotherapy is the identification of tumour-associated antigens that are differentially or exclusively expressed on the tumour and recognized by the host immune system. However, immune responses to such antigens are often muted or lacking due to the antigens being recognized as ''self'', and further complicated by the tumour environment and regulation of immune cells within. In an effort to circumvent the lack of immune responses to tumour antigens, we have devised a strategy to develop potential synthetic immunogens. The strategy, termed mirror image phage display, is based on the concept of molecular mimicry as demonstrated by the idiotype/anti-idiotype paradigm in the immune system. Here as 'proof of principle' we have selected molecular mimics of the well-characterised tumour associated antigen, the human mucin1 protein (MUC1) from two different peptide phage display libraries. The putative mimics were compared in structure and function to that of the native antigen. Our results demonstrate that several of the mimic peptides display T-cell stimulation activity in vitro when presented by matured dendritic cells. The mimic peptides and the native MUC1 antigenic epitopes can cross-stimulate T-cells. The data also indicate that sequence homology and/or chemical properties to the original epitope are not the sole determining factors for the observed immunostimulatory activity of the mimic peptides.
Introduction
Immunotherapy is currently considered an important augmentative therapy for the treatment of cancer. Several complementary treatment regimes such as immune cell transfer (adoptive immunotherapy), tumour vaccines, cytokine therapy, and monoclonal antibodies targeting immune response checkpoints [1] [2] [3] may form part of this therapy. One form of adoptive immunotherapy for cancer patients involves loading tumour-associated antigens (TAAs) in vitro onto macrocytic dendritic cell (DCs) precursors isolated from the patient. The DCs are matured in vitro before presenting them to the circulating lymphocytes by infusing back into the patient leading to activation of one or more subsets of T-cells. Some of the activated T-cells may become tumourinfiltrating lymphocytes (TIL), attacking and eradicating the tumour [4] . Alternatively, TILs can also be directly isolated from the patient's tumour tissue, expanded in vitro prior to reintroduction back to the patient [5] .
A key requirement for the development of cancer immunotherapy is the identification of antigenic structures that are differentially or exclusively expressed on tumours and recognised by the host immune system. Using a variety of approaches, many TAAs have been identified and in the majority of cases, they arise from non-mutated proteins that are over-expressed in tumour cells but which are also present in normal cells [6, 7] . The failure of the immune system to respond to tumour antigens often results from a lack of immunogenicity of many TAAs as a result of their being recognised as 'self-antigen' or due to masking of tumour antigens from the immune system, coupled with deficiencies in immune surveillance, effectors mechanisms of immune cells and immune suppression in the tumour microenvironment [8, 9] .
In an effort to circumvent the lack of immune responses to TAAs and to generate a bank of novel tumour-specific immunogenic antigens, we have devised a strategy to develop potential synthetic immunogens. It is based on the concept of molecular mimicry as demonstrated by the idiotype/anti-idiotype paradigm in the immune system. 'Idiotype' refers to the antibody segment that recognises the antigen epitope while the term anti-idiotype describes amino acid sequences that binds to the idiotype. Thus anti-idiotypes are 'mirror images' of native antigens and function as their structural mimics. Anti-idiotype molecules have been used to induce immune responses against viral, bacterial and parasitic infections and also to some cancers [10] [11] [12] [13] [14] [15] [16] .
The strategy, termed mirror-image phage display (MIPD), involves a two-step biopanning of phage display libraries. First, a known or a suspected tumour antigen is used as a target for the biopanning of a random peptide-display bacteriophage library to identify ''recogniser'' peptides (analogous to idiotypes) of the target. In the second step, a synthetic ''recogniser'' peptide is used as the target in a 'reverse biopanning' experiment to identify potential mimic molecules (analogous to anti-idiotype) of the original tumour antigen. We have previously used the MIPD platform to identify molecular mimics of antigenic peptides associated with Heat Shock Proteins (HSPs-ap) in the breast tumour cell line MDA-MB-231 [17] . Despite the heterogeneous pool of the starting target (HSP-ap), we successfully deciphered the amino acid sequences of a number recogniser peptides, and used some of these as targets in reverse biopanning to identify potential mimic peptides. Some of these mimics displayed immunostimulatory properties when loaded onto dendritic cells. However, because of the heterogeneity of the starting target (HSP-ap), the relationship between the native antigen and the mimic could not be ascertained at the structural level.
Here, we set out to test the MIPD technology platform and to examine the nature of the mimic peptides, specifically their functional and/or structural similarity to the native antigen. Towards this end, we used a well-characterised tumour associated antigen, the human mucin1 protein (MUC1) as a target in the MIPD platform and compared the putative mimics in structure and function to that of the native antigen. The human MUC1 belongs to a large class of high molecular weight O-linked glycoproteins (mucins) and is expressed at the luminal membrane of most glandular and ducal epithelial cells. MUC1 is overexpressed in approximately 90% of human breast cancers [18] . It is also over-expressed in many other human tumours such as colorectal, pancreatic and ovarian cancers [19] . Over-expression is correlated with poor prognosis, increased tumor growth, invasion and metastasis [20] . Cell invasion by MUC1-expressing tumour cells can be suppressed by over-expression of the micro RNA, miR-145, which directly interacts with MUC1 mRNA in the 39 UTR region [21] . MUC1 contains a large extracellular domain composed of a variable (20-125) number of tandem repeats (VNTR) of a 20-amino acid sequence. The extracellular domain is cleaved post-translationally from the remainder of the polypeptide but remains non-covalently associated, producing a tethered bottle-brush-like structure of heavily glycosylated VNTRs protruding up to 100 nm from the cell surface. Glycosylation of the VNTRs differs in normal and tumour cells with tumour cells generally showing a hypo-glycosylated state. It has been suggested that the hypo-glycosylated state of MUC1 in tumour cells contributes to the increased immunogenicity through damasking antigenic sites on the protein [22] .
MUC1 is able to break immune tolerance and both humoral and cell-mediated immune responses against MUC1 have been detected in cancer patients [23] .
Patients with breast and colorectal cancer express anti-MUC1 IgG antibodies at much higher frequencies than healthy individuals and both MHC-restricted and non-restricted T-cell responses against MUC1 have also been detected in cancer patients. The intrinsic qualitative and quantitative differences of MUC1 in tumour and non-tumour cells, together with its inherent immunogenicity, makes it particularly suitable for its development as a cancer vaccine. A large number of Phase I/II clinical trials with MUC1 derived peptides have been conducted. While promising responses such as cytotoxic T-cell responses and disease stabilization have been reported, no single approach has proved successful as a definitive therapeutic strategy. In this study, we have identified recogniser and mimic peptides to two MUC1 antigens using the MIPD technology platform. The recogniser peptides show similarities to known anti-MUC1 antibodies while some of the mimic peptides contain amino acid motifs present in the original antigenic MUC1 peptides. The mimic peptides were tested for their ability to activate lymphocytes when presented by dendritic cells in vitro.
Materials and Methods

Ethics Statement
All experiments were carried out in compliance with the Helsinki Declaration (http://www.wma.net/e/policy/b3. 
Cell lines and Media
The breast cancer cell line MDA-MB-231, a gift from Prof. D.J Bouchier-Hayes (Royal College of Surgeons Ireland, Surgery Department, Beaumont Hospital, Dublin, Ireland) [24] , was grown in RPMI-1640 supplemented with 10% foetal calf serum (FCS; Sigma Chemical Company). The media also contained 2 mM L-glutamine, 16 antibiotic/antimycotic solution (Sigma Chemical Co.) and 100 U/mL nystatin suspension. AIM V serumfree medium for immune cell culture was obtained from Invitrogen Inc. (Life Technologies, Inc. Carlsbad, CA USA).
Peptides
All synthetic peptides were sourced from GL Biochem Shanghai Ltd. (Shanghai, PRC). The peptides were C-terminal amidated unless otherwise specified. In some cases, additional N-terminal amino acids (shown in lower case, in the text) were added to facilitate biotinylation and/or to reduce steric hindrance during biopanning. For competitive elution as well as for DC loading immunostimulation studies, peptides without biotin or N-terminal amino acid extensions were used.
Mirror-Image Phage Display (MIPD) Biopanning
The Ph.D. C7C library was used for the first step biopannings while both the Ph.D. C7C and the Ph.D-12 libraries (New England Biolabs Inc., MA) were employed in the reverse biopannings. The basic outline of biopanning procedure was described earlier [17, 25] . Approximately 10 11 -10 12 phage particles from the relevant phage display library were used for each biopanning experiment. In the first step, the peptides VTSAPDTRPAPG (MUC1pep1) or SAATWGQDVTSVPV (MUC1pep2; 5 mg each; Fig. 1 ) were immobilised on coated wells of a 96-well Maxisorb microtitre plate (Nunc-Nalge Inc.). The blocking, binding and washing strategies were carried out as instructed by the library (Ph.D-C7C) manufacturer with modifications [17] . Phages binding specifically to the target peptides were eluted with the core peptides, (SAPDTRPA and ATWGQDVTSV respectively, shown in red in Fig. 1 ) at 10 mg/ mL. Amplified phage stocks from this first round of biopanning were used for the second round biopanning step as follows: biotinylated peptides (5 mg each), consisting of the core peptide sequence (kSAPDTRPA or kATWGQDVTSV; Fig. 1 , shown in red) and the amplified phage stocks (,10 11 phage particles) were incubated together in 100 mL PBS. The phage particles binding to the target peptides were recovered through the addition of Streptavidin-paramagnetic beads (PMSt.1.0; G.Kisker Biotech, Dortmund, Germany) and recovered magnetically, followed by extensive (1561 mL each) washing and competitive elution with the corresponding core peptides as described above. Following each round of biopanning, the eluted phages were amplified to high titer according to supplier's instructions. The third round biopanning involved an in vivo biopanning step. A xenografted human mammary cell adenocarcinoma [26] was developed as follows: MDA-MB231 cells (10 7 cells/injection) were embedded in Matrigel (BD Biosciences, Oxford, UK) and implanted into the mammary pads of 4-week old nu/nu mice (Hsd:Athymic NudeFoxn1 nu ; Harlan Laboratories Inc., Indianapolis, IN). Two weeks later, 10 8 phages amplified from the second round biopanning were injected in 0.1 mL PBS through the lateral caudal vein. Animals were sacrificed 15 minutes later and xenografted tumour (1-1.5 cm), liver and lung tissues were collected. The tissues were chopped into 1-2 mm sizes and washed extensively three times in (10 mL each) PBS and any remaining blood was drained off onto Whatman No. 1 filter paper. Following homogenization of the tissues, an aliquot of 10 8 bacteria were added and incubated for 20 minutes at 37uC before diluting to 20 mL with L-Broth. After a further 6-8 hour incubation, to facilitate phage amplification, the lysate was centrifuged at 80006g to pellet the bacteria and the phage in the supernatant was concentrated through Poly Ethelyne Glycol (PEG) precipitation as described by New England Biolabs. The fourth round biopanning was identical to the first round using amplified phage from the in vivo biopanning step. The phage particles from the final fourth round eluate were plated at low density to allow isolation of single phage clones. The DNA insert from the amplified phage clones was sequenced and the recogniser peptide sequences deduced.
To identify potential mimics to MUC1pep1 and MUC1pep2 peptides, selected recogniser peptides, N-terminally biotinylated, were synthesised and used as bait in a similar biopanning procedure as above. Special attention was taken to ensure the binding of the bait peptide to the matrix. The competitive elution of bound phages from the immobilised recogniser peptides was accomplished by eluting with the 7-mer recogniser peptide. After 4 rounds of biopanning, the eluted phage displaying mimic peptides were analysed as above.
M13 phage ELISA
Biotinylated recogniser peptides (200 pmoles) were bound to streptavidin-coated Maxisorb immunolon Nunc 96-well plates. Following blocking with 0.5% BSA and 0.1 mM d-biotin in PBS, the plates were incubated for three hours with selected M13 phage clones (10 6 pfu) displaying the mimic peptides. Unbound phages were removed by repeated washing with excess PBS containing 0.05% TWEEN-20 (PBS-Tween). The amount of phage bound to the immobilised peptide was detected and quantified by incubation with HRP conjugated anti-M13 monoclonal antibody (anti-M13-HRP; Amersham Biosciences, UK; 1:2,500) and the premade chromogenic substrate TMB (Sigma Chemical.Co., St. Louis, MO. USA) according to suppliers instructions.
For competition ELISA, the basic setup was the same as above with the exception that the mimic phages and the competing original Muc1 core peptides (MUC1pep1 or MUC1pep2; Fig. 1 sequences shown in red) were incubated together before the mixture was applied to the immobilized peptide.
Isolation of monocytes and lymphocytes and generation of immature DCs
Buffy coat packs from healthy female donors were obtained from the Irish Blood Transfusion Service, Dublin-8. PBMCs were prepared by Leucosep pre-filled density gradient centrifugation media (Greiner Bio One Ltd., UK). Monocytes were isolated by positive selection of CD14 + cells using anti-CD14 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). The unbound CD14-fraction, which mainly consist of lymphocytes (B-, T-, NKand NKT-cells) were cryopreserved for later use as responder cells.
Immature DCs (iDCs) were generated by culturing the CD14 + monocytes for 6-8 days in AIM V serum-free medium (Life Technologies Co. Carlsbad, USA) supplemented with 60 ng/mL recombinant human granulocyte macrophage colony stimulating factor (GM-CSF; PeProtech Inc., Rocky Hill, NJ, USA)) and 150 ng/mL recombinant human IL-4 (PeProtech Inc.). Medium and cytokines were replaced every 2 days.
In vitro stimulation assay of lymphocytes
Lymphocyte stimulation was performed using a modification of a published procedure [27] . Approximately 10 4 immature dendritic cells (iDCs) were incubated with 150 ml of AIM-V medium containing 10 mg/mL lipopolysaccharide (LPS) or 10 ng/ mL Tumour Necrosis Factor-a (TNF-a) and peptides (25 mg/mL), or media alone (negative control). After 24 hour incubation, the cells were pelleted and the culture media were assayed for IL-12 by capture ELISA (see below). The iDCs were washed free of all peptides and co-stimulants and resuspended in fresh AIM-V medium. The antigen loaded iDCs were incubated with CD14
2
PBMCs at a ratio of 1:10 (DCs to PBMCs) in a final volume of 150 mL AIM-V medium. This is referred to as 'first stimulation'. After 2 days incubation the culture supernatants (100 mL) were removed and replaced with 100 mL fresh media (supplemented with human recombinant IL-2 (25 ng/mL)). This was repeated every second day for 8 days. These cells are designated as 'primed CD14
2 PBMCs. The spent media was assayed for IFN-c content by capture ELISA. On day 6, a new batch of matured DCs from the same donor was incubated with different peptides as before but without LPS or TNF-a. After 48 hrs, the culture supernatants were assayed for IL-12 levels as before. Following the washes, these loaded DCs were incubated with the 'primed CD14 2 PBMCs' (either in the same or a different combination, e.g., MUC1pep1 primed CD14
2 PBMCs' in second stimulation with MP1) at a ratio of 1:10 (iDC:CD14 2 PBMCs) and with media changes every 3 days.
Measurement of cytokine release
The IFN-c released by the stimulated CD14 2 PBMC was measured by ELISA using capture and detection antibody pairs (PeProtech Rocky Hill, NJ USA). Similarly, IL-12 production by iDCs was detected using either the ELISA kit also purchased from PeProtech or the DuoSet human IL-12p40 antibodies (R&D Systems, Minneapolis, MN). The diluted capture antibody (50 mL) for IFN-c or IL-12 were immobilised on Nunc Immunolon Maxisorb 96-well plates. Following washing in PBS-Tween, the plates were blocked and 50 mL culture media were assayed as prescribed by the antibody manufacturers.
Results
The 20-amino acid peptide [STAPPAHGVTSAPDTR-PAPG] , in the VNTR is the major immunogenic determinant of MUC1 (Fig. 1) . The most frequent epitopes recognised by human MUC1 antibodies include the peptides RPAPGS, PPAHGVT and PDTRP within the VNTR [28] [29] [30] [31] [32] (Fig. 1) . Antigenic epitopes have also been identified in MUC1 in regions outside of the core VNTR repeat region [33] . One such epitope spans amino acids 90-110 in the extracellular domain (Fig. 1) . Sequence analysis indicates that this region contains a degenerate VNTR sharing 10 of the 20 amino acids of the core repeat. This peptide sequence was identified as a potential HLA-A2 binding peptide and was capable of activating T-cells as measured by IFNc production [34] .
As a first step in MIPD, to generate 'recogniser' peptides of MUC1, two synthetic peptides (Fig. 1, underlined sequences) , VTSAPDTRPAPG (MUC1pep1) encompassing the major epitope(s) within the VNTR repeat and the 14-mer peptide SAATWGQDVTSVPV (MUC1pep2) corresponding to amino acid 90-104 region of the degenerate-VNTR epitope, and sharing a common motif VTS with MUC1pep1, were chemically synthesised and used as targets in the biopanning of a C7C M13-phage display library. The first two rounds of biopanning were carried out in vitro [17] , as outlined in the Methods section. In order to select for phage that specifically 'home' to MUC1-bearing tumours, the amplified phage from round two were injected into a tumour bearing nu/nu mouse xenografted with human breast cancer cell line MDA-MB-231. The tumour was excised and any bound phages were recovered as described in the Methods section. The extracted phages were used in a further round of biopanning to corresponding MUC1 peptides in vitro. Following the fourth round of selection, the peptides displayed on the selected phages were deciphered from nucleic acid sequencing data (Table 1 ). In addition to recovering phages from the engraft breast tumour in round three, phages were also recovered from liver and lung tissue and used separately in biopanning against MUC1 peptides in the fourth round. These phages neither bore any resemblance to those identified from the xenografted tumour tissue nor were they enriched in any specific sequence (data not shown).
Since the peptides are identified through direct peptide-peptide interaction between the baits (MUC1pep(n)) and the displayed sequences, they were named ''MUC1 recogniser'' peptides (MUC1RP). Three MUC1RPs were isolated from biopanning with the MUC1pep1 (Table 1) . Two of these [RP1 and RP3] share the common motif PQV. With the exception of a preponderance of histidine and proline residues, there appears to be no other amino acid commonalities between the three RPs derived from MUC1pep1. Furthermore the three RPs differ in their degree of hydrophobicity, overall charge and isoelectric points (Table 2) . Interestingly, the RPs share amino acid motifs previously identified in the 'complementarity determining regions' (CDRs; notably in the CDR1 and CDR3 domains) of an anti-MUC1 VNTR antibody (Table 1 , panel 3, relevant amino acids underlined and bolded) [35] .
The four recogniser peptides [RP4-RP7] derived from MUC1-pep2 share no common amino acid motifs between them, however three of them (RP5-7) are hydrophilic in nature, basic and positively charged (Table 2 ). RP4 on the other hand is a relatively neutral peptide with no hydrophilic residues and contains only a single hydrophobic amino acid. Similar to the RPs derived from MUC1pep1 (RP1-3), the MUC1pep2 recognisers (RP4-7) also contain motifs previously identified in the CDRs of MUC1 antibody [35] . In particular the motif SNN in RP4 is present in the heavy chain-CDR2 (H-CDR2). An SN motif has also been identified in a light chain-CDR1 (L-CDR1) region of the anti-MUC antibody. The motifs GS, PR and AT present in RP5, RP6 and RP7 respectively have also been identified within anti-MUC CDR regions (Table 1 , relevant amino acids underlined and bolded).
Two of the recogniser phages (RP1 and RP4; recognisers of MUC1pep1 and MUC1pep2 respectively) were chosen for the reverse biopanning step to identify potential mimics of these MUC1 peptides. Synthetic peptides corresponding to RP1 and RP4 were generated and used as targets for biopanning. Two different phage display libraries were used, the first being the C7C library described above. This library displays random 7-mer peptides constrained between two cysteine residues on the PIII minor coat protein. The second library, PhD-12, displays unconstrained random 12-mer peptides also fused to the PIII protein. Following four rounds of biopanning, the sequences displayed on the surfaces of the selected phages were identified ( Table 3 ). The RP1 peptide (recogniser of MUC1pep1) yielded one 7-mer (MP1) and two linear 12-mer (MP2 and MP3) putative mimic peptides. One of these, MP3, shares the tri-peptide sequence motif TRP, within MUC1pep1 (Table 3 ). The TRP motif has been identified as a major antigenic determinant within the MUC1 VNTR region [28] . Similarly, the MP2 mimic peptide shares the motif RxAP with the native MUC1pep1. Note that the AP di-peptide motif is repeated three times in the original MUC1 VNTR and twice in the MUC1pep1 target peptide used in the first step biopanning (see Fig. 1 ). The only mimic selected by RP1 from the 7-mer C7C library is MP1 (Table 3) , which did not share any obvious tri-or di-peptide blocks with either of the native MUC1 peptide (MUC1pep1). The RP4 peptide (recogniser of MUC1pep2) when used in MIPD selected two 7-mer peptides (MP4 and MP5) as putative mimics of MUC1pep2. Like MP1, MP4 and MP5 also do not show any obvious sequence similarity to MUC1pep2 (Table 3) . A comparison of various physical and chemical properties of the MP2 and MP3 peptides reveal that they display a high degree of hydrophobicity similar to that of the native MUC1pep1 (Table 4 ). In contrast, the putative mimic peptide MP1 is less hydrophobic and net charge neutral. The two 7-mer peptides (MP4 and MP5) selected as putative mimics of MUC1pep2 are hydrophilic (Table 4) . MP4 is slightly basic while MP5 is charge neutral. This is in contrast with the native MUC1pep2, which is a hydrophobic acidic peptide.
Interaction of native, recogniser and mimic peptides
To examine the binding affinity of recogniser peptides for their corresponding mimics, ELISA assays were carried out. Typically, biotinylated forms of the recogniser peptides, immobilised on microtitre wells, were incubated with a fixed amount of phage particles displaying the corresponding mimic peptides Phage binding to the immobilised peptide was quantified as described in Materials and Methods. As shown in Fig. 2A and B, phage particles displaying the mimic peptides (MP1-5) show binding to their corresponding recogniser peptide (RP1 or RP4). In all cases the binding was statistically significant over the binding observed with phage particles lacking a displayed peptide (no insert).
To examine the relative affinity of the recogniser peptides for the mimic peptides and the original MUC1pep from which they were derived, mimic phages were pre-incubated with or without increasing concentrations of the corresponding native MUC1pep1 or MUC1pep2 prior to incubation with the bound recognizer peptides. As shown in Fig. 2C , increasing concentrations of MUCpep1 reduces the binding of the corresponding mimic peptides (MP1-3) to the recogniser peptide RP1. In contrast, similar concentrations of MUCpep2 did not reduce the binding of MP4 or MP5 to RP4 (Fig. 2D) , suggesting that RP4 has a higher affinity for the mimic peptides than for the original MUC1pep2.
Immunostimulatory Activity of MUC1 Mimic Peptides
We next set out to test the immunostimulatory potential of the MUC1 mimic peptides in vitro. Briefly, matured DCs were loaded with either the original Muc1pep1 or MUC1pep2 core peptides (Fig. 1) or their putative mimic peptides. As a negative control DCs were left unloaded or loaded with an unrelated peptide, the yeast a-mating type factor peptide, (a-factor). The loaded and unloaded DCs were incubated with autologous CD14 2 cells (T-cell pool) that had been isolated from the same PBMC pool. Since previous studies have shown that CD14 2 cells often require multiple rounds of activation by DCs to invoke stimulation and IFN-c release, the same CD14 2 cells were subjected to a second round of stimulation on day 8 with a fresh batch of DCs loaded with the same peptide as before. T-cell stimulation was measured by quantification of interferon-c (IFN-c) released to the medium during the first (days 0-8) and second stimulation (days 9-14) as described in the Methods and Materials section. Based on our hypothesis, true mimic peptides (MPs) should stimulate as effectively as their corresponding native MUC1pep(n) counterparts. As shown in Figure 3A , maximum IFN-c release from CD14 2 cells was observed on day 6 in cells incubated with MUC1pep1 and MUC1pep2. At its peak, the level of IFN-c produced approximated 630-645 pg/mL for both peptides. No additional IFN-c release was achieved by a second stimulation with a fresh batch of MUC1pep1-loaded DCs on Day 8 (Fig. 3A, dotted line) . In contrast, IFN-c release persisted up to day 13 in CD14 2 cells following the second stimulation with fresh DCs loaded with MUC1pep2 (Fig. 3A, solid line) , maintaining levels as high as 633 pg/mL on day 11. The ability of DCs-loaded with the mimic peptide to stimulate CD14 2 cells was next examined. Of the mimic peptides, MP1 (Fig. 3B , solid line) and MP5 (Fig. 3C , solid line) produced the highest level of IFN-c release by CD14 2 PBMCs with maximum levels generated on day 11, after the second round of stimulation with DCs. A modest level of stimulation (20-30%) was also achieved with DCs loaded with the peptides MP2 (Fig. 3B, dashed line) , MP3 (Fig. 3B , dotted line) and MP4 (Fig. 3C, dashed line) . At their peak (day 11), following the second stimulation on day 8, the mimic peptides MP1 and MP5 induced interferon levels up to 700 pg/mL, which is in the same range at that achieved following stimulation with MUC1- Table 1 . MUC1 peptides and their corresponding recogniser peptides.
Target MUC1 Peptides
Recogniser Peptides (frequency)
Major anti-MUC1 CDRs* pep1 and MUC1pep2-loaded DCs. In all cases, the absolute IFNc levels showed a steady decline by day 14 (data not shown).
No stimulation was observed when DCs were loaded with the negative control peptide (a-factor) (data not shown) or when DCs were used without any loaded peptide. A similar pattern of T-cell stimulation was observed in a second independent experiment using healthy immune cells from a different blood donor (data not shown). Taken together, the data indicates that a subset of the mimic peptides display immunostimulatory activity in vitro and induce IFN-c levels similar to that achieved with the native MUC1 antigens, however at least two rounds of stimulation are required to elicit IFN-c release.
Cross-stimulation of mimic and MUC peptides
We hypothesised that mimic peptides identified using the mirror-image phage display platform should possess biological properties similar to the original native peptide. Therefore, we tested to see if cross-stimulation of CD14 2 cells could be achieved by the mimic and MUC1 peptides using the consecutive stimulation approach described above. First, CD14
2 cells were incubated with DCs loaded with the mimic peptides. After 8 days, the cells were re-stimulated by addition of a fresh batch of DCs loaded with either the same mimic peptide (as for Fig. 3 ) or the corresponding original MUC1pep(n), peptides. IFN-c release was monitored over the course of the incubation. Secondary stimulation by MUC1pep1 was observed in CD14 2 cells previously stimulated with DCs loaded with MP1 and MP2 but not with MP3 ( Fig. 4A-C; dashed lines) . The level of IFN-c release was similar following a secondary stimulation with either MP1 or MUC1pep1, although the timeline of stimulation differed in each case (Fig. 4A ). Secondary stimulation with MUC1pep1 substantially increased the IFN-c released by cells treated with MP2-loaded DCs ( Fig. 4B ; dashed line) compared to that achieved by secondary stimulation by the autologous peptide alone. No further increase in IFN-c release was observed in CD14 2 stimulated with MP3-loaded DCs when re-stimulated with MUC1pep1-loaded DCs (Fig. 4C, dashed  lines) . Secondary stimulation with MUC1pep2-loaded DCs enhanced IFN-c output of CD14 2 cells previously stimulated with MP5-DCs ( Fig. 4E; dashed line) but not with MP4-DCs ( Fig. 4D; dashed line) .
We also examined the ability of the mimic peptides to crossstimulate. We observed cross-stimulation between the peptides MP1 and MP5 regardless of the order in which the peptides were used for stimulation of CD14 2 cells (Fig. 5A ; green and red dashed lines). Likewise cross stimulation was observed between peptides MP4 and MP3 ( Fig. 5B ; red solid line) compared to that achieved by secondary stimulation with DCs loaded either of the autologous peptides (Fig. 5B, green and black lines) . Other combinations of mimic peptides did not show such cross-stimulatory activity (data not shown).
Discussion
MUC is a suitable antigen for adoptive immunotherapy
The identification of suitable tumour antigens for cancer vaccine development is a priority goal in cancer research. The Translational Research Working group of the National Cancer Institute has recently developed a set of criteria for the assessment and prioritizing of potential cancer vaccine targets. Based on properties such as immunogenicity, tumour specificity, cellular localisation and expression levels, and percentage of patients with antigen positive cancer, MUC1 ranked second for prioritisation in a list of 75 previously characterised tumour antigens [36] . To date, several clinical trials have been conducted to examine immune responses to MUC1-based antigens. While both humoral and cell mediated responses have been observed in patients with various forms of cancers, neither tumour elimination nor satisfactory tumour regression has been achieved [23, 37] . Several clinical trials using modified MUC1 antigens are currently ongoing and a successful outcome may not be far away.
The lack of progress in the development of a MUC1-based cancer vaccine may stem from some of the inherent properties of MUC1 protein such as variations in glycosylation patterns in tumour and non-tumour cells. Many vaccine trials were based on the non-glycosylated MUC1 VNTR peptide as the antigen source, however even a fully glycosylated MUC1 polypeptide elicited only modest antibody responses [38, 39] . One recent study using a tripartite vaccine comprised of a glycosylated form of MUC1 repeat peptide, SAPDT(aGalNAc)RPAP, conjugated to a murine Table 3 . MUC1 peptides, corresponding recognisers and putative mimic peptides.
MUC1 peptide
Recogniser Peptide Mimic Peptide
Sequence similarities between mimic peptides (MP2 and MP3) and MUC1pep1 are shown in bold and underlined. doi:10.1371/journal.pone.0049728.t003 Table 4 . Physical properties of MUC1pep1, MUC1pep2 and their putative mimic peptides MP1-5. MHC class II restricted T-helper epitope and a potent agonist of the Toll-like receptor 2(Pam3CysSK4) was shown to elicit both T lymphocyte and antibody-dependent cell-mediated cytotoxic responses in a mouse mammary model [29] . Likewise a vaccine based on a glycosylated form of the VNTR repeat conjugated to a tetanus toxoid displayed a strong and selective immune response [40] . Thus, combinations of immune modulators and antigenic peptides may provide more potent anti-tumour responses.
MIPD Strategy
Here, we have attempted an alternative approach for the design of potential immunostimulatory antigenic peptides specific for a given tumour. The approach is based broadly on the concept of idiotype/anti-idiotype antibodies. Being mimics of the original antigen, anti-idiotype antibodies can invoke prolonged immune responses and have been used as cancer vaccines [41] [42] [43] . Antiidiotype antigens are considered to have merits over native antigens particularly as they may be presented to the immune system in a different molecular and biological context.
Here, rather than using antibody-based molecules, we used a strategy termed ''mirror image phage display'' (MIPD) to identify potential mimics of known MUC1 antigenic peptides. The amino acid sequences in the CDRs of anti-MUC1 antibodies and their anti-idiotype antibodies have been identified previously [35] . Thus we can compare the MIPD derived mimic peptides with that of the conventionally characterised anti-idiotype sequences. As with idiotype/anti-idiotype antibodies, we envisaged that the MIPD identified mimic peptides will truly ''mimic'' the original antigen in their ability to recognize and bind to a common intermediary molecule, termed here as ''recognisers''. Analysis of the sequences within the recogniser peptides, generated from two different MUC1 peptides, MUC1pep1 from within the VNTR and MUC1pep2 from a degenerate VNTR, revealed some common motifs previously found within the CDRs of the anti-MUC1 antibody AR20.5 [35] .
The recogniser peptides derived from MUC1pep1 were more hydrophobic in nature than those derived from MUC1pep2. Thus, the characteristics of the original peptide influences the types of peptides obtained in the biopanning process. The congruence of the anti-MUC1pep1-antibody CDRs and the MUC1RPs at the amino acid level re-enforces the view that phage display technology has the potential to identify the true antigen-antibody interacting domains.
During the biopanning for MUC1 recognisers, we included a single round of in vivo biopanning to the MUC1-expressing breast cancer tumour MDA-MB-231, which had been xenografted into a nu/nu mouse. This in vivo biopanning step significantly enriched for recogniser peptides with similarity to the conventionally identified idiotypes. Biopanning with phage extracted from liver or lung tissue from the same xenografted mouse against MUC1 peptides produced a non-overlapping set of peptides that bore no relationship to original idiotypes. Peptides RP1 and RP4 were chosen for mimic generation. Here we used two phage display libraries, one displaying 7-mer constraint peptide and the second displaying a linear 12-mer peptide. The derived mimics, in particular, those obtained from the 12-mer unconstraint library, contained motifs present in the original MUC1 peptides. For example, MP3 contained the tripeptide TRP, which is present in one of the major epitopes derived from MUC1pep1 VNTR [28] [29] [30] [31] while the peptide motif RxAP found in MP2 is also a major MUC1 epitope. Interestingly, the anti-idiotype antibody AR42.1 derived from the idiotype sequences of the anti-MUC1 monoclonal antibody AR20.5, contained the sequence GPLYRPGEGY in H-CDR3, which shows homology (xPxxRPxxGx) to sequences within the core repeat vtsaPdtRPapGs, suggestive of the molecular mimicry of anti-idiotype antibodies. While the homologies detected at the sequence level are present in the mimic phage isolates from the 12-mer (Ph.D. 12) library, the mimic phages isolated from the cysteine constrained 7-mer library did not bear any overt sequence homology to either of the original MUC1 peptides. Analysis of the physical properties of the peptides did not reveal any striking patterns, however as observed for the recogniser peptides, those derived from MUC1pep1 appeared to be more hydrophobic in nature while as before, the MUC1pep2 derived peptides displayed hydrophilic characteristics.
In general, antigenic peptides tend to be hydrophobic in nature and epitope/antibody interaction favors hydrophobic interfaces; however, the antigenicity of the mimic peptides cannot be solely deduced from their chemical properties. To test antigenicity directly, in vitro immune-stimulation experiments were performed with DCs loaded with the original MUC1 peptides and also with the newly identified mimic peptides. The mimic peptides, when presented by DC cells, displayed varying abilities to stimulate CD14 2 cells to release IFN-c. By far, the highest level of stimulation was achieved with the 7-mer peptides MP1 and MP5 while a lower but sustained stimulation was also achieved with MP4. Much lower levels of CD14
2 stimulation was achieved with the 12-mer peptides MP2 and MP3 despite these peptides containing amino acid motifs found in the original MUC1 peptides. The level of CD14 2 stimulation did not correlate with the degree of hydrophobicity of the peptides, the only commonality being that the best stimulators were neutral in charge and/or were constrained by di-sulphide bridges. These findings could inform research into epitope design for other tumour antigens.
Cross-Stimulation of Mimic and MUC1 peptides
Previously, using heat-shock protein 70-associated antigenic peptides (HSP70-ap) and their mimics as potential immunotherapeutic tumour antigens, we have shown that T-cells can be stimulated either with DCs loaded with HSP70-ap or with its putative mimic peptide [17] . A second stimulation of the same Tcells with a fresh batch of antigen or its mimic loaded DCs yielded a secondary response from the T-cells as measured by IFN-c production. Based on our hypothesis, we would predict that if the mimic peptides bear structural or biological properties similar to the original MUC1 peptides then they should enhance a primary stimulation by the original peptides and vice versa. We found that secondary stimulation with the native Muc1 peptides could be achieved for a sub-set of the mimic peptides. In particular, IFN-c release was increased two-fold when CD14
2 cells, first stimulated with MP2, were re-challenged with DCs loaded with MUC1pep1, the response being better than that of either of the peptides alone (Fig. 4) . Likewise, cross-stimulation was observed between MP1 and MUC1pep1 and between MP5 and MUC1pep2. This crossstimulation may be due to amplification of the original primed Tcell pool or primary stimulation of a separate sub-set of T-cells. Our results favor the former as the increased response was observed only when specific combinations of peptides were used for first and second stimulation. Likewise, cross stimulation was achieved with various combinations of mimic peptides, in particular MP3/MP4 and MP1/MP5. We note that the cross- 2 cells were incubated with DCs loaded with mimic peptides and then restimulated with a fresh batch of DCs loaded with either the same peptide or the original MUC1 core peptides (Fig. 1) . T-cell stimulation was monitored by quantifying the amount of IFN-c released into the medium. The IFN-c levels were normalized to the levels produced following incubation with DCs that had no peptides loaded. Error bars represent the normalized % error from two independent experiments. A. 2 cells were incubated with DCs loaded with mimic peptides and then re-stimulated with a fresh batch of DCs loaded with same or a different mimic peptide. T-cell stimulation was monitored by quantifying the amount of IFN-c released into the medium. The IFN-c levels were normalized to the levels produced following incubation with DCs that had no peptides loaded. Error bars represent the normalized % error from two independent experiments. The combination of peptides are indicated in the figure and are as follows A. MP1 followed by MP1; red solid line ( N ), MP1 followed by MP5; red dashed line (&), MP5 followed by MP5; green solid line (m) and MP5 followed by MP1; green dashed line (e). stimulation occurred with mimics derived from different original MUC1 peptides. This cross-stimulation may arise from the common motifs in the original MUC1 peptides, or to similar tertiary structures present in the two peptides. This is not surprising since both MUC1pep1 and MUC1pep2 are related by ancestry to the same repeat motif of the VNTR. Taken together, the data indicates that mimics of known antigens can be generated by the relatively straightforward high throughput mirror-image phage display biopanning technique. The availability of idiotype and anti-idiotype sequences for the VNTR repeat in question facilitated the recogniser phage selection process. Similarly, the in vivo biopanning step narrowed selection of recogniser phages binding to tumour-specific molecules. The derived mimics are capable of stimulating T-cells to release IFN-c and some bear cross-stimulatory activity with the original antigens. The comparison of immuno-stimulatory activity of the mimics derived from different phage display libraries suggests that constrained 7-mer peptides are superior to linear 12-mer peptides in inducing T-cell proliferation and that sequence homology and/ or chemical properties to the original epitope are not determining factors for immunostimulatory activity of mimic peptides.
The synthetic mimics of MUC1, described here, may be capable of directing T-cell responses against tumour cells expressing MUC1, leading to tumour cell killing. The mimic peptides may also be capable of eliciting B-cell responses against MUC1, although we have not tested this directly here. Immune responses could be enhanced by conjugation of the mimic peptides to adjuvants such as tetanus toxoid, Toll-like receptor agonists or by association with immune carrier proteins or lipid immunostimulants [40, 44] . The mimic peptides displaying the highest levels of T-cell responses did not resemble the original MUC1 antigens at the primary amino acid sequence level. Such peptides are less likely to be recognized as ''self'' by the immune system and may therefore avoid immune surveillance mechanisms. Since MUC1 is over expressed in several types of cancers and its overexpression is correlated with poor prognosis [20] and increased cell invasion and metastasis [21] , vaccination with the mimic peptides may therefore be useful in preventing metastasis of MUC1-overexpression tumours. Finally, the technology described here could be used to generate mimic peptides to the large number of characterised tumourassociated antigens. Thus our findings may inform the design of other tumour antigens for the development of cancer vaccines.
